The microstructural evolution of (Ti,Mo)C-Ni powder by mechanical alloying of pure titanium, nickel, carbon and molybdenum as starting powder with the composition of TiC-20 Mo 2 C-20 Ni in mass% were investigated by X-ray diffraction (XRD) using CuK radiation, field emission scanning electron microscopy (FE-SEM) with energy-dispersive X-ray spectroscopy (EDS), and transmission electron microscopy (TEM) with EDS. The powders were mixed gradually and the size of the mechanically alloyed particles was of sub-micrometer order. The TiC structure, which indicated smaller lattice constant than TiC, clearly appeared after 100 h milling time. The particles consisted of fine grains of about 5 nm size. The nickel was transformed from crystallized phase into an amorphous phase by mechanical alloying. The molybdenum was dissolved into TiC structure and Mo/Ti ratio in (Ti,Mo)C was about 3/7.
Introduction
TiC based cermets have attracted a great deal of attention because of their high strength, high hardness, and their good chemical and thermal stability. Finer and modified hard phases as well as modified binder phases have been main focus of attention among the researchers, in order to improve toughness and wear resistance of their materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] As far as refinement of hard phase is concerned, mechanical alloying is one of the effective methods to produce the finer TiC grain size than the conventional method. 11, 12) It is well known that one of the main disadvantage of TiC based cermets is wettability between TiC and binder materials. Molybdenum can be added in order to improve this, because molybdenum increases the wetting of TiC by Ni binder and finer hard phase. [1] [2] [3] There have been reported about TiC based cermet containing Mo and Mo 2 C. [1] [2] [3] [5] [6] [7] [8] 10, 12) Focusing on microstructures in TiC based cermet containing Mo and Mo 2 C, in general, they have a core-rim structure, that is, a (Ti,Mo)C rim surrounding a TiC core. 13) However, Kim et al. reported that nano-particle (Ti,Mo)C-Ni cermets without a core-rim structure have been synthesized by mechanical alloying, having high hardness of 92 HR A . 12) To date, to the author's knowledge, there is no detailed information about the microstructural evolution of Ti-MoNi-C into (Ti,Mo)C-Ni powder by ball milling. The purpose of this work is to investigate the change of morphologies, chemical components, and microstructures for Ti-Mo-Ni-C powder into (Ti,Mo)C-Ni in order to better understand it.
Experimental Procedures
The powders used in this work were 99.9%Ti with 45 mm, 99.9% C with 20 mm, >99:9% Ni with 5 mm, and >99:9% Mo with 3 mm. A powder mixture having a composition of TiC-20 Mo 2 C-20 Ni in mass% was prepared. The powders were dry mixed together with WC/Co balls into a 500 ml hardened steel pot with an O-ring seal under 667 KPa of Ar atmosphere. A planetary ball mill (Fritsch Pulverisette 5) was used for durations of up to 700 h. The ball-to-powder weight ratio (BPR) was fixed at 20 : 1.
The powders were milled for various times, and were then analyzed to determine the change of the phase compositions and morphologies by means of X-ray diffraction using CuK radiation, field emission scanning electron microscopy (FE-SEM) with energy-dispersive X-ray spectroscopy (EDS), and transmission electron microscopy (TEM) with EDS. The crystallite size of the TiC structure for powder after 700 h milling was estimated, based on the half-width of the X-ray diffraction pattern of the specimen using Scherrer's formula. The powders for FE-SEM with EDS observation were embedded in polymer and Cu powders for conductivity and then were mechanically polished. The lattice constants for the powder and the sintered compact were estimated by means of selected area diffraction pattern (SADP).
The as-synthesized powders after 700 h milling time were pressed into pellets under 100 MPa to pellets. These green pellets were then sintered at 1723 K for 1 h under vacuum. The sintered compact was also analyzed by X-ray diffraction, FE-SEM and TEM-EDS.
Results and Discussion
The XRD patterns of the milled powders for different times are shown in Fig. 1 . Peaks of crystalline titanium, carbon, molybdenum and nickel clearly existed and were sharp after 1 h milling. However, the peaks gradually became broader with increasing milling time, indicating that the grains became finer with an increase in milling time.
The carbon peak and the nickel peaks disappeared after 8 h and 100 h milling time, respectively. After 200 h milling, a new crystalline phase having a TiC structure clearly appeared. It is known that the milling of Ti and C synthesizes TiC through ball milling. 11) Therefore, it is considered that these powders were reacted as a TiC structure. The peaks of the TiC structure in this work showed a trend toward higher angles, compared with TiC peaks. This trend is the same as (Ti, Mo)C reported by Kim et al. 12) After 700 h milling time, the Ti and Mo peaks finally disappeared. The peaks of the TiC structure were broad after 700 h milling time, indicating that a fine crystallite size for TiC structure is achieved by ball milling. The grain size for it was estimated to be about 4 nm, applying Scherrer's formula to half-width. SEM photographs of the powders for various milling times are shown in Figs. 2 and 3. While powders agglutinated after 8 h milling time, the boundaries between the starting powders were clear. After 48 h milling time or longer, some parts of the aggregates had insufficient milled regions, and other parts had sub-micrometer particles (see Fig. 3(a) ). The ratio of the regions consisting of particles with sub-micrometers increased along with an increase in milling time. After 200 h milling, almost all regions consisted of sub-micrometer particles, with a few white regions having particles of several micrometers (see Fig. 3(b) ). After 700 h milling time, almost all particles were sub-micrometers (see Fig. 3(c) ), despite the 4 nm or so as calculated by Scherrer's formula. It is speculated that the particle consists of nm-scale grains.
EDS mapping images of the powders for various milling times are shown in Fig. 4 . There were clearly the regions for each element in aggregate after 1 h milling time. In particular, the Ti region was larger due to a larger starting powder diameter. The high concentrated regions of each element 20 µm decreased with an increase in milling time. Those for titanium, molybdenum, nickel and carbon disappeared after 700, 700, 100, and 8 h milling time, respectively. The results of a TEM-EDS analysis of the powder after 700 h milling time are shown in Fig. 5 . It is noted that fine grains, of about 5 nm, were in the particles (from Fig. 5(a) ). This size is in close agreement with that as calculated by Scherrer's formula. The diffraction pattern of the particle was a typical fcc Debye ring of polycrystalline structure (Fig. 5(b) ). As a consequence of the diffraction pattern, the lattice constant was estimated to be 0.4315 nm. This value is smaller than that for TiC (0.43274 nm), but close. Therefore, the particles definitely had a TiC structure. It is confirmed from the result of EDS (Fig. 5(c) ) that the compositional ratio for the particles was approximately the same as that for the starting powder. Although the particles contained molybdenum and nickel, there was no diffraction pattern, except for a TiC structure. It may be considered that these elements dissolved into a TiC structure and/or transformed into an amorphous phase. It has been reported that amorphization has been found in Ni-Ti systems by mechanical alloying.
14) It is also reported that a Ni solid solution has been transformed from a crystalline phase into an amorphous phase in Ti-C-Ni by ball milling.
11) As mentioned above, there were no peaks for Ni by XRD. It may be concluded that the Ni solid solution transformed the crystalline phase into an amorphous phase in Ti-Mo-Ni-C during ball milling.
The SEM photograph of the sintered compact is shown in Fig. 6 . A narrow grain size distribution was obtained and the average grain size is about 500 nm. It may be considered that these are attributed to nano-scale grain size of sufficient mixed powder. It is known that the core-rim structure of the hard phase shows a contrast between core and rim in SEM observation, 13) however, there was no contrast for the hard phase. It may be indicated that it consisted of a single phase.
The XRD patterns of the sintered compact and the milled powders are shown in Fig. 7 . The peaks of nickel and TiC structure existed for the sintered compact. This may indicate that the nickel based amorphous phase was transformed into crystallization during the sintering process. The angles for the nickel peaks trended toward a lower angle. It is known that a Ni binder in TiC system cermets containing Mo has some amount of Ti and Mo. 15) Therefore, it is presumed that some Mo and Ti caused the shift of the nickel peak in this work. On the other hand, it is noted that the peak positions of TiC structure for the powder is almost the same as that for sintered compact, presuming that the chemical compositions of them are almost the same.
The results of TEM/EDS analysis of the sintered compact are shown in Fig. 8 . As a consequence of the diffraction pattern, the lattice constant is 0.4315 nm. This value is almost the same as that of powder, but smaller than the lattice constant of TiC (0.43274 nm). From Fig. 8(c) , the Mo content is about 33 mass% for the center and the edge of the TiC structure grain. In addition, it is shown from Fig. 7 that the peak positions of TiC structure were the same for the powder and the sintered compact. Therefore, it is noted that the solution of molybdenum caused the difference of lattice for a TiC structure lower than that for TiC, and the solution of molybdenum in TiC structure was caused by ball milling in powder, and the Mo/Ti ratio is about 3/7 in this work.
Conclusions
The microstructural evolution of (Ti,Mo)C-Ni powder by mechanical alloying pure titanium, nickel, carbon and molybdenum as a starting powder with a composition of TiC-20 Mo 2 C-20 Ni in mass% were investigated by X-ray 10 µ µm diffraction (XRD) using CuK radiation, field emission scanning electron microscopy (FE-SEM) with energy-dispersive X-ray spectroscopy (EDS) and transmission electron microscopy (TEM) with EDS in detail. The results were as follows.
(1) The titanium, molybdenum, nickel and carbon peaks gradually became weaker with an increase in milling time, and disappeared after 200, 700, 100, and 8 h milling time, respectively. A TiC structure, which indicated a lower lattice constant than that for TiC, appeared after 100 h milling time and there were only the peaks for the TiC structure after 700 h milling time. (2) Sub-micrometers particles were produced by ball milling, and their ratio increased with an increase in milling time. The size of almost all particles was sub-micrometers after 700 h milling time. 2 µm 
